Introduction
In a shape memory alloy, [1] [2] [3] iron-based alloys have garnered attentions because of reduced material costs. Although Fe-Mn-Si based shape memory alloys have been reported, 4, 5) there are few papers covering their corrosion resistance. 6, 7) Recently, an attempt to apply an iron-based shape memory alloy in the vibration dampers in tower buildings, 8) where materials are exposed to atmospheric corrosion, was reported. In a previous paper, 9) the atmospheric corrosion resistance of this alloy was investigated in the wet and dry cyclic test with a chloride solution. In general, like stainless steels, this type of alloy makes the passive film in many environments. Thus, it is important to examine the crevice corrosion resistance because the passive film is sensitive to this type of corrosion. In this study, corrosion depth was measured quantitatively using laser microscopy and estimated statistically by Gumbel distribution analysis [10] [11] [12] after crevice corrosion test. In the crevice corrosion, the deepest depth determines the lifetime of the material, because the first leak originates from the deepest depth.
Although the analyses of the corrosion product and the passive film of steels have been conducted, it is the problem that in-situ observation cannot be conducted for them. Recently, the Focused Ion Beam (FIB) method has been proposed to solve this problem. [13] [14] [15] [16] [17] By using this FIB method for samples, TEM -EELS 18) was additionally applied to analyze the chemical state of the passive film of the steel. Thus, in -situ observation can be applied for the
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passive film of steel in this study. As the passive film was very thin (~nm), nano structure of the film was investigated by using TEM. Especially, the upper and lower passive films were separately examined, and the chemical state of each element was investigated by EELS. EIS was employed to investigate the crevice corrosion behavior of samples. 19) Finally, the relationship between the crevice corrosion behavior and the structure of the passive film on the 15 Mn steel was discussed.
Experimental Procedure

Crevice Corrosion Test and Samples
Crevice corrosion tests were conducted on the samples of 40 × 40 mm in size in 15 mass% NaCl solution at 60°C using multi-crevice type jigs for 4 weeks. The sample material (15 Mn steel) was an Fe -15% Mn -10% Cr -4% Si -8% Ni (mass%) shape memory alloy. As a basis for comparison, the 430 stainless steel (SUS 430; Fe-16%Cr) was used in this study.
Gumbel Distribution Analysis
In order to identify the crevice corrosion of steels, statistical analysis was introduced. To evaluate the corrosion depth of steels, Gumbel distribution analysis was applied as in previous papers. [10] [11] [12] As the deepest depth of the crevice corrosion is thought to determine the life of a steel, Gumbel distribution analysis was applied in this study after removing the rust from 15 Mn steel and SUS 430 steel.
The Gumbel distribution has the following form:
where F I (x) is the probability function of x and the constants λ and α are called the scale and location parameters, respectively. If a reduced variate defined by The Gumbel probability diagram may be constructed with values scaled on the vertical (y) axis and the maximum corrosion depth on the horizontal (x) axis. In the actual experiment, the surface area is divided into 8 equal units on each side of sample (40 × 40 mm). The maximum depths are measured by a laser microscope for 6 unit areas in a sample, and summarized using the Gumbel probability figure. In order to determine λ and α, MVLUE 20) method is applied in this study.
Physical Analysis of the Passive Film on 15 Mn Steel
AES (Auger Electron Spectroscopy) and XPS (X-ray Photoelectron Spectroscopy) were employed for surface analysis of the sample of 15 Mn steel. AES was performed with an accelerate voltage of 5 kV, a sample current of 0.1 μA, an experimental region of 10 × 10 μm, and a slope angle of 30 degree for the sample. In the case of the depth profile acquired by ASE, an argon spatter was used with a voltage of 2 kV, and a rate of 1 nm/min. XPS spectra were acquired by Al Kα of 600 μmφ for the sample of 15 Mn steel with take-off angles of 30, 60 and 90 degrees.
In order to investigate the surface (passive) film at the nano level, TEM was employed for the sample of 15 Mn steel. After the sample was mounted in resin, it was mirrorpolished using emery paper and diamond paste. The passive film of 15 Mn steel was cut by an FIB (focused ion beam) from above the sample using SEM. EELS -TEM analysis was carried out to examine the chemical state of Cr, Si, Mn, Ni and Fe in the upper and lower passive films of 15 Mn steel.
EIS Measurements
In order to investigate the crevice corrosion behavior of 15 Mn steel, EIS measurements were conducted in low pH and high chloride solutions. After polishing the surface with Emery paper, electrodes were fabricated out of 15 Mn steel. Then, EIS measurements were performed in 15 mass% NaCl solution of various pHs. EIS test conditions employed a 2-electrode system with a measurement frequency range of 20 kHz to 1.0 mHz and an applied voltage of 10 mV.
Results and Discussion
Crevice Corrosion Resistance of 15 Mn Steel
The crevice corrosion resistance of 15 Mn steel was estimated in 15 mass% NaCl solution at 60°C for 4 weeks. steels using the laser microscope after crevice corrosion test for 3 and 4 weeks. Depth profiles for the samples were taken along the lines from 1A to 1B in the Figure. For 430 steel, the corrosion is spread over a wide area. Moreover, the maximum depth is very large (350 and 550 μm at 3 and 4 weeks, respectively). In the case of 15 Mn steel, although corrosion is similarly widely spread, the maximum depth is very low (120 and 174 μm at 3 and 4 weeks respectively). Thus, the crevice corrosion of 15 Mn steel is quantitatively identified to be less than SUS 430 steel by laser microscopy. Figure 3 shows Gumble plots of corrosion depths for 15 Mn and SUS 430 steels after crevice corrosion test for 3 and 4 weeks. The vertical (y) axis is the scaleed Gumbel parameter, and the horizontal (x) axis is the corrosion depth. Corrosion depths for 430 steel at 3 and 4 weeks are very high. In addition, the slope (Δd/ΔY) of corrosion depth curve for 430 steel is large. On the other hand, the corrosion depths for15 Mn steel at 3 and 4 weeks are very small, and the slope of the corrosion depth curve is small. Figure 4 shows Gumble paramerters (α and λ) for the corrosion depths of 15 Mn and SUS 430 steels after crevice corrosion test for 3 and 4 weeks. λ is the mode of the corrosion depth, and α corresponds to the slope of the Gumbel distribution in Fig. 3 . The λ of 430 steel increases over time, reaching more than 140 μm by 4 weeks. Besides, the α of 430 steel increases over time reaching high value by 4 weeks, which demonstrates that the crevice corrosion is very high for 430 steel. On the other hand, although the λ of 15 Mn steel increases over time, the value is low less than 100 μm at 4 weeks. Furthermore, the α of 15 Mn steel has a low value at 4 weeks. Thus, it is quantitatively found from the Gumbel parameters that the crevice corrosion of 15 Mn steel is very low.
In order to examine the crevice corrosion of 15 Mn steel more detail, EIS measurements were conducted for steels in high chloride and low pH solutions. Figure 5 shows the results of EIS spectra of 15 Mn steel in 15% NaCl solution of various pHs. In high pH solution of pH 3 and pH 4, the two resistance components and one capacitance can be recognised in the spectrum. The impedance in the higher frequency region (Z h ) is likely related to the resistance of the solution. Because the impedance in the lower frequency region (R l ) is very high, it is considered to be the passive film resistance. Thus, the capacitance as shown in the spectrum is considered to be the film capacitance. On the other hand, in the lower pH solution of pH 1 and pH 2, as the impedance in the lower frequency region (R l ) is very low, it is considered to be the charge transfer resistance (R ct ). Therefore, the capacitance in the spectrum is considered to be the double layer capacitance. Thus, the passive film of 15 Mn steel is destroyed in the solution of low pH under 2. Figure 6 displays impedances (Z 1mHz ) at 1 mHz of 15 Mn and SUS 430 steels in 15% NaCl solution of various pHs. The Z 1mHz of 15 Mn steel decreases remarkably from pH 3 to pH 2, showing a change from the passive to active state. For SUS 430 steel, the situation is the same as for 15 Mn steel, namely, Z 1mHz of 430 steel decreases remarkably from pH 3 to pH 2. Thus, initiation of crevice corrosion is thought to be nearly the same for 15 Mn and 430 steels. In other words, the crevice corrosion behavior is thought to differ in the propagation stages.
Surface Analysis of the Passive Film on 15 Mn Steel
In order to identify the corrosion-preventing mechanism of 15 Mn steel, the passive film was estimated by surface analysis. Figure 7 shows a depth profile of the elements in the passive film of 15 Mn steel obtained by AES after 4 weeks of corrosion test. The concentrations (atomic %) of Fe, Mn, Si, Cr Ni and Oxygen are shown. From the profile of oxygen, the oxide film thickness is estimated to be almost 2.5 min of sputtering time. In this film, the concentrations of Cr and Mn are low at the surface, and they increase with the sputter time. Thus, Cr and Mn are enriched in the lower film from 1.2 to 2.5 min. of sputtering time. On the other hand, Si is enriched in the upper film, and there is no special enrichment of Ni. Figure 8 shows the results of XPS analysis of the elements in the passive film on 15 Mn steel. The XPS spectra were acquired for the sample with take-off angles of 30, 60 and 90 degrees. For Fe 2p, the peak at 712 and 707 eV are visible, which indicates that Fe is detected both as the oxide and the metal state. For Cr 2p, there is a strong peak at 578 eV and a small peak at 575 eV, which indicates that Cr exists mainly as an oxide state. This is very similar to Si 2p, which has a strong peak at 102 eV and a small peak at 99 eV. For Mn 2p, there is a peak at 642 eV measured at 30 degree, and a peak at 640 eV measured at 90 degree, which indicates that Mn exists as an oxide at the surface and a metal state at the interface. This is almost the same as the case of Fe. On the other hand, in the case of Ni 2p, only the peak at 854 eV is sharp, which indicates that Ni exists primarily in the metal state. From these results of XPS, the passive film contains Fe, Mn, Cr and Si, and that Ni is enriched at the interface of the film and the metal. However, it was not possible to verify the chemical state of each element in the film clearly using the peak shift of the XPS spectrum. In order to investigate the nano structure of the passive film on 15 Mn steel, an FIB-TEM analysis was conducted in Fig. 9 . Three distinct regions are recognized: (1) steel, (2) lower film, and (3) upper film. The total thickness of the passive film is almost 20 nm. In later experiments, the structures of and differences between the lower and upper films were investigated in detail. The chemical state of each element in the passive film was identified using EELS, as shown in Figs. 10-12 . The positions of the EELS observations are the same as those in Fig. 9 .
The Cr-L EELS spectra of the passive film of 15 Mn steel are shown at left in Fig. 10 . Spectrum 2 (lower film) shows peaks for Cr-L 3 and Cr-L 2 at 578 and 588 eV, respectively. Spectrum 3 (upper film) shows the peaks for Cr-L 3 and Cr-L 2 at 579 and 588 eV, respectively. The peak ratios (Cr-L 2 /Cr-L 3 ) for Spectrum 2 and 3 are 0.7 and 0.9, respectively. From a previous paper, 21 ) Spectrum 2 (lower film) is similar to Cr (II) O, and the spectrum 3 (upper film) is similar to Cr (III) O. Thus, Cr is thought to exist mainly as Cr (II) oxide state in the lower film, and Cr (III) oxide state in the upper film of 15 Mn steel.
The Si-L EELS spectra in the passive film of 15 Mn steel are shown at right in Fig. 10 The Mn-L EELS spectra of the passive film of 15 Mn steel are shown at left in Fig. 11 . Spectra 2 and 3 show the peaks for Mn-L 3 and Mn-L 2 at 641 and 652 eV, respectively. The peak intensities of Mn-L 2 and Mn-L 3 for Spectra 2 and 3 are taken from Fig. 11 . Then, the calculated intensity ratios of (Mn-L 2 /Mn-L 3 ) for Spectra 2 and 3 are found to be 0.6 and 0.4, respectively. From a previous paper, 23 The Ni-L EELS spectra of the passive film of 15 Mn steel Although more work is needed to identify precisely, the chemical state of each element in the passive film of 15 Mn steel has been examined in this study.
Nano Structure of Passive Film of 15 Mn Steel
In the crevice corrosion tests, 15 Mn steel showed a higher corrosion resistance than SM. In particular, Gumble parameters (α and λ) for corrosion depths of 15 Mn steel were much smaller than those for SUS 430 steel after crevice corrosion test.
In EIS measurements, the impedances (Z 1mHz ) at 1 mHz of 15 Mn steel decreased remarkably from pH 3 to pH 2, showing destruction of the passive film. As the tendency was the same in the case of SUS 430 steel, initiation of crevice corrosion was thought to be the same for the two steels. In other words, the large difference in Gumble parameters (α and λ) for the corrosion depths concerns penetration of crevice corrosion.
TEM-EELS measurements were conducted to identify the nano structure of the passive film on 15 Mn steel. The passive film consists of 2 layers of upper and lower film. The chemical states are found to be Cr (II), Si (II) and Mn (III) and in the lower film and Cr (III), Si (IV) and Mn (III) in the upper film. In addition, Ni is enriched at the interface between the metal and the film.
Thus, in the lower layer, the film is thought to contain mainly Cr (II) and Si (II) in Fe oxides. On the other hand, in the upper layer, the film is thought to contain mainly Cr (III) and Si (IV) in Fe oxides. As the crevice corrosion resistance of 15 Mn steel is thought to depend on the passive film itself at the initial period, Cr and Si are identified as the effective elements. In more detail, 15 Mn steel contains 10% Cr and 4% Si as alloying elements. In EIS results, the corrosion resistance of 15 Mn steel was almost the same as that of SUS 430 steel containing 16% Cr. Thus, Si is thought to increase the crevice corrosion resistance of 15 Mn steel.
Considering the propagation of crevice corrosion, Ni is thought to prevent penetration of the corrosion into the steel for an extended period of time. Ni was not enriched at the interface in AES measurement, because the sensitivity of AES was not high. However, it was confirmed from TEM and XPS that Ni was enriched at the interface. Specially, the enrichment of Ni was shown in XPS. Moreover, Ni is a noble metal as opposed to Fe. Thus, the Gumble parameters (α and λ) for corrosion depths of 15 Mn steel containing 8% Ni were much smaller than those for SUS 430 steel without Ni after crevice corrosion test. With respect to Mn, it is an austenite former like Ni, and Mn is enriched at the interface in AES experiment. As the diffusion of Ni or Mn in metal solid is difficult at the room temperature, they are supposed to be enriched at the lower film and the interface. Thus, Mn is thought to act like Ni and prevent the penetration of crevice corrosion to some extent effectively.
Thus, 15 Mn steel can maintain a passive film composed of effective elements in a crevice corrosion environment. As the concentration of Cl ions is high under the environment where vibration dampers are used at the coastal area, the crevice corrosion of them should be estimated for the crevice structure. Therefore, 15 Mn steel are very useful, which can have high corrosion resistance against crevice corrosion in a high chloride environment.
Conclusions
An Fe-Mn-Si-Cr-Ni steel (15 Mn; a shape memory alloy) showed higher corrosion resistance than carbon steel (SM) in crevice corrosion tests in 15 mass% NaCl solution at 60°C. In particular, Gumble parameters (α and λ) for the maximum corrosion depths of 15 Mn steel were much smaller than those for SUS 430 steel after crevice corrosion test.
In AES and XPS analysis, the passive film on 15 Mn steel was shown to contain Fe, Mn, Cr, Si and Ni. Based on TEM-EELS, the passive film consists of 2 layers with C (II), Si (II) and Mn (III) in the lower film and Cr (III), Si (IV) and Mn (III) in the upper film. Ni was enriched at the interface between the metal and the film. Cr and Si were thought to be effective early, and Ni was effective to prevent penetration of crevice corrosion. It was found that 15 Mn steel could maintain a passive film composed of effective elements in a crevice corrosion environment.
